The elements comprising the mouse rpS 16 promoter were characterized by transfection experiments with mutant genes in which various portions of the 5' flanking region and exon I were removed or substituted with extraneous DNA sequence. These experiments were carried out with otherwise intact rpS16 genes transfected into monkey kidney (COS) cells and also with chimeric rpS16-CAT gene constructs transfected into mouse plasmacytoma cells and COS cells. The locations of the functionally important elements were generally correlated with the locations of binding sites for specific nuclear factors, which were identified by gel-mobility shift analyses and methylation interference footprints. The most upstream element, which is located approximately 165 bp from the cap site, binds the Spl transcription factor and augments the promoter activity by 2 to 2.5-fold. In addition, there is a complex bipartite element in the -83 to -59 region, an element in the -37 to -12 region and an element in the +9 to +29 region of exon I, all of which are essential for rpS16 expression. The rpS16 promoter has a general architecture that resembles other mouse rp promoters; however, it also possesses some distinctive characteristics.
INTRODUCTION
The biosynthesis of mammalian ribosomes involves the coordinate production of more than 70 different ribosomal proteins (rp's). In exponentially growing cells, the balanced synthesis of the various rp's is mainly attributable to the fact that the corresponding rp mRNAs are present in similar amounts and are functioning with similar translational efficiencies (1, 2) . In such cells the relatively uniform content of the various rp mRNAs appears to be primarily determined at the transcriptional level (Hariharan, Kelley and Perry, submitted), implying that the rp genes have similar promoter strengths. To understand the basis for this similarity, our laboratory has undertaken a detailed functional analysis of the promoters of three unlinked mouse rp genes, rpL3O, rpL32 and rpS16 (3) .
All three of these rp genes lack canonical TATA motifs and initiate transcription at a C residue that is embedded in a pure pyrimidine stretch flanked by GC rich sequences (4, 5, 6) . The rpL30 and rpL32 genes have relatively short (38 and 46 bp) first exons which are entirely noncoding, whereas the rpS16 gene has a 101 bp first exon which contains the translational-start site at position +53. Recent studies of the rpL30 and rpL32 genes have localized transcriptional regulatory elements and binding sites for trans-acting factors to regions that span about 80 to 130 bp of 5' flanking sequence and about 80 bp of internal
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sequence which includes the first exons and adjacent portions of the first introns (7, 8, 9 ; Hariharan, Kelley and Perry, submitted).
In the present study, we have localized the regulatory elements and factor binding sites of the rpS16 promoter. Our analysis indicates that the general architecture of the rpS 16 promoter is similar to that of the other rp promoters. However, the rpS16 promoter is distinctive in that the array of elements is shifted further upstream of the cap site and includes an Spl-binding module.
MATERIALS AND METHODS
Cell culture and transfectlon protocols.
Monkey kidney (COS-7) and mouse plasmacytoma (S194) cells were grown as monolayer and suspension cultures, respectively, in DME medium (GIBCO, Inc.) containing 10% fetal bovine serum (COS) or 10% horse serum (S194). Plates containing approximately 10^ COS cells at about 70% confluency were incubated for 30 min at 37°C with 6 ml serum-free culture medium containing 3 u.g/ml plasmid DNA (2:1 ratio of rpS16 and rpL3O genes) and 500 u.g/ml DEAE-Dextran (Pharmacia, Inc.) (10) .
The DNA-containing medium was removed, and the cells incubated at 37°C for 3 hr with complete medium containing 0.2 mM chloroquine diphosphate and then for about 40 hr with complete medium.
Altematively, about 2.0 to 2.5 x 10 7 S194 cells, collected at a density of 5 x 10^ cells/ml, were transfected with 4 u.g/ml plasmid DNA in the presence of 05 mg/ml DEAE-Dextran, treated for 30 min widi 0.1 raM chloroquine diphosphate, and then incubated in normal medium for about 48 hr (11) .
Analysis of RNA and DNA.
Total cytoplasmic RNA was isolated from COS cells and analysed by the SI nuclease protection method as described elsewhere (8) . Nuclear RNA was isolated by the hot-phenol procedure (4). The 5' end-labeled probe used for assays of rpS16 expression is diagrammed in Fig. 1 (top) . For assays of rpL30 expression we used a 266 bp 5' end-labeled probe which yields a 61 nucleotide fragment when protected by properly initiated and spliced rpL30 transcripts (Hariharan, Kelley and Perry, submitted). The fragments were electrophoresed on 8 to 10% polyacrylamide-urea gels and visualized by autoradiography.
For quantitation, selected exposures of the autoradiograms were densitometrically scanned under conditions of linear dose-response. Preliminary experiments established that the signals were proportional to the amount of RNA used in the assay.
Plasmid DNA was isolated from transfected cell nuclei by the Hirt procedure (12) and quantitatively assayed by Southern-blot analysis with a nick-translated fragment A probe (see below).
Chloramphenicol acetyltransferase (CAT) assays.
Extracts containing 250 |ig of protein were assayed with 14 C-chloramphenicol as described by Gorman gjal. (13) .
Nuclear extract preparation gel-retardation assays and methvlation Interference foot printing.
Nuclear extracts from S194 and COS-7 cells were prepared according to Dignam et al. (14) with additional protease inhibitors (leupeptin and pepstatin) added to all solutions at 1 u.g/mL Gel retardation assays were carried out as described by Singh et al. (15) . For competition experiments, the unlabeled DNA fragments were added in a 50 to 75-fold molar excess over the labeled DNA probes. Methylation interference footprints (16) were obtained with fragments that were end-labeled on the sense or antisense strands.
Plasmid construction.
All cloning procedures employed the pUC18/HB101 vector/host system. A Bam Hi-Sac I fragment extending from position -400 to 107 bp beyond the poly(A) site of the rpS16 gene (6) was inserted into pUCl 8 by a two-step cloning procedure which destroyed the 3' S_a£ I site but retained an internal Sac I site at +29. A Sac I-Hinc II or Sac I-Sph I digest of this plasmid produced fragments, termed AJJ or A<j, respectively, which lack 5' flanking sequences and 28 bp of exon I. An Eco Rl-Sac I fragment containing the -580 to +29 region was digested with an assortment of restriction enzymes to produce an array of 5'
fragments that were joined to fragment AJJ at the Sac I site and blunt-end ligated into the vector Hinc II Hae III (-12). The 5' portions of these cleavage products were gel-purified and introduced into the plO6 plasmid as described above. For the Hae II and Hpa II fragments, we used a multi-step protocol in which the Hind in end of t he fragment was ligated to the Hind HI site of t he vector polylinker, the Hae II and Hpa II ends respectively trimmed or filled by the Klenow enzyme and then the blunt ends ligated to the blunt-ended Xba I site of t he vector.
RESULTS
Functional characterization of the rpS16 promoter.
To identify the functionally important 5' flanking regions of the mouse rpS16 gene, we prepared a series of deletion or substitution mutants (a through r, Fig. 1 ) and studied their expression in transfected monkey kidney (COS-7) cells. We used a quantitative S1 nuclease protection analysis to assay the relative levels of rpS16 mRNA and to verify connect transcriptional initiation. A 167 bp SI probe which spans the rpS16 cap site (Fig. 1 ) yields a 68 nucleotide fragment when protected by authentic rpS16 mRNA ( Fig. 2A, lane 1) . Under the conditions of these assays, the background from endogenous monkey rpS16 Internal deletion mutants (1 and m, Fig. 1 ) were used to localize more precisely the most upstream element of the promoter. The expression of mutant 1, which lacks sequences from -146 to -97, was equivalent to that of the -179 construct, whereas the expression of mutant m which lacks sequences from -169 to -97 was reduced to the level of the -99 construct (Fig. 2B, lanes 1-4) . This indicates that the most upstream element lies between -179 and -147 and suggests that the sequences between -146 and -97 may be dispensable. As will be shown below, the -179 to -147 sequence contains a binding site for the Spl transcription factor. A mutant n, which contains the -179 to -147 region but lacks sequences between -146 and -38, is completely inactive (Fig. 2B, lane 5) , indicating that the stimulatory effect of the upstream element can be realized only in association with elements located between -97 and -38.
An additional set of constructs was used to characterize the elements in the -97 to -38 region. The expression of a set of 5' deletion mutants generated by BAL-31 resection (e through j, Fig. 1 A construct containing the -85 to -67 region but lacking the -66 to -38 sequence (p., Fig. 1 ) was inactive, whereas a construct in which the -66 to -38 sequence was replaced by an extraneous pUC18 sequence (p_, Fig. 1 ) was expressed at about 1/4 the level of the -83 mutant (Fig. 2D, lanes 2-4) . The same low level of expression (about 10% compared to the complete rpS16 gene) was observed with a similar construct (g. At least one additional critical 5' flanking element is located between -38 and the cap site. This was demonstrated with a construct (r, Fig. 1 ) in which the -37 to -12 region was replaced by an extraneous DNA sequence. This construct exhibited a markedly depressed activity when compared to a counterpart bearing the normal -37 to -12 sequence (Fig. 2E, lanes 2 and 3) . when the -179 to -83 region was removed and a substantial further decrease when all sequences upstream of -76 were eliminated (Fig. 3A, lanes 14) . A residual activity of about 10% was observed with the h-and j-CAT constructs, which respectively possess 76 and 66 bp of 5' flank; however, with the j-CAT construct, which contains only 58 bp, expression was reduced to a negligible level ( Fig. 3A; lanes 4-6) . The fact that no residual activity was observed with the corresponding intact gene constructs h and i (see, for example Fig. 2C ; lane 6) might be due to a greater sensitivity of the CAT assay for detecting very low levels of transcript or to subtle differences between the SI94 and COS cells. In any event, these results demonstrate that for the most part, the dependence on the various 5' elements is comparable for the complete rpS16 gene and its isolated promoter region, and that the contributions of these elements are generally similar in cells of mouse lymphoid and monkey kidney origin.
Another set of CAT constructs (s-CAT to u-CAT, Fig. 1 ) was used to examine the importance of exon I sequences for rpS16 expression. The expression of constructs that contained all of the functionally important 5' flanking elements was reduced by about 40% when the sequences between +16 and +29 were deleted and was totally abolished when the sequences between +10 and +29 were removed (Fig. 3B,   lanes2-4) . Elimination of the rpS16 cap site also completely abolished expression (Fig. 3B,lane5 ). The same results were obtained in a parallel experiment with COS-7 cells (data not shown). These results
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EXTRACT indicate that the region of exon I between+10 and +29 is also important for expression of the rpS16gene.
While these experiments do not directly demonstrate a transcriptional role for this exon I segment, the fact that it specifically binds nuclear factors (see below) suggests that it may indeed be an integral part of the promoter structure (see Discussion). A similar requirement for exon I sequences has also been observed for the rpL32 gene (7, 9) and the rpL30 gene (Hariharan. Kelley and Perry, submitted). We have not examined the effect of removing rpS 16 sequences downstream of +29. However, it is unlikely that such downstream sequences contribute substantially to the rpS16 promoter activity because the level of expression of the -179 to +29 construct (s-CAT) is similar to that of the rpL30and rpL32 promoters, for which the role of internal sequences has been rigorously evaluated (8, Hariharan, Kelley and Perry, submitted). A typical example of such a comparison is shown in Fig. 3C . In this experiment the activity of the s-CAT construct was about 75% of that of a CAT gene linked to the complete rpL30 promoter.
In summary, we have localized several (four or five) discrete as-acting elements in the rpS16 gene that contribute to its promoter activity. These elements (A through E) are diagrammed schematically in Fig. 8 . Binding sites for nuclear factors in the rpS16 promoter region.
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Given the array of functional elements described above, it was of considerable interest to determine whether the locations of these elements coincided with the positions of nuclear factor binding sites. Gel retardation analysis was used to identify these factors in nuclear extracts prepared from both S194 and COS-7 cells. To explore the region upstream of -38 we initially used a -179 to -99 fragment, which contains element A, a -179 to -38 fragment, which contains regions A, B and C, and a fragment containing sequences from -179 to -147 and from -96 to -38, which also encompasses regions A, B and C. Element A contains the sequence GCTCCGCCCC at position -170 to -161. This sequence conforms to the consensus for high-affinity binding sites of the transcription factor Spl (18) . All three fragments bound to a nuclear factor that could readily be competed for by the 10 bp Spl consensus oligomer or by the 21 bp repeat elements of SV40, which contain multiple Spl binding sites (Fig. 4) . These results indicate that element A does indeed contain an effective Spl binding site. The fragments containing the B and C elements exhibited an additional retarded band which was not eliminated by the Spl competitors, suggesting that this region might contain a binding site for another nuclear factor. The fact that identical results were obtained with fragments that either contained or lacked the -146 to -97 region suggests that this region is devoid of factor-binding sites.
The B-C region was systematically surveyed for binding sites with a series of fragments that have varying 5' ends (-99 to -53) and a common 3' end (-38). All fragments that coiuained the -66 to -38 region effectively bound to a nuclear factor in both S194 and COS cell extracts, whereas the fragments representing the -58 to -38 region did not (Fig. 5A) . The specificity of this binding was demonstrated by a competition experiment: binding to a -83 to -38 fragment was eliminated by a -66 to +29 competitor, but not a -58 to +29 competitor (Fig. 5B) . These results localize a binding site to the -66 to -58 region, which corresponds to the regulatory element designated as C. No factor that specifically binds to the B element was detected in these studies, despite the fact that this region (-83 to -76) is essential for rpS16 expression.
Such a factor might be expected to generate an additional retarded band with the fragments that extend to -83 and -99, but no additional band was observed (compare lanes 2 or 4 vs. 8, Fig. 5A ). It would also be expected to cause retardation of a fragment that contains the B region but has the C region replaced by vector sequences, and this was not detected (Fig. 5C ). The C region mobility shift usually appeared as a Methylation interference analysis was used to identify the guanine contact residues in the C region binding site (Fig. 6 ). Five contact residues were identified in the sequence CGTGACG which extends from -63 to -57. This is in perfect agreement with the results of our mobility shift analysis.
The region corresponding to element D also has a factor-binding site, as seen by the retardation (band a) of fragments containing the -40 to -12 sequence (Fig. 7A, B ). This binding is specific for sequences in element D as evidenced by the fact that the binding is completely competed out by a -37 to -12 fragment but not by a -11 to +29 fragment (Fig. 7B) .
Element E in exon I also exhibits factor binding as seen by the additional retarded bands (b-e) observed when the -40 to +7 fragment is extended to +15 or +29 (Fig. 7A) or when a -11 to +29 fragment is used for the binding assay (Fig. 7C) . In addition to bands b through e, the -11 to +29 fragment exhibited two slowly migrating bands that partially overlap with the D element-specific band, a. All of these bands the -58 to +29 fragment to compete for C region binding (Fig. 5B, lane 4) and by the lack of competition between the D region and the -11 to +29 E region fragment (Fig. 7B, lane 3) .
DISCUSSION
The foregoing experiments have revealed the general characteristics of the mouse rpS16 promoter.
This promoter consists of several discrete cis-acting elements which specifically bind to at least four different nuclear factors (Fig. 8 ). The most upstream element A, located approximately 165 bp from the cap site, binds the Spl transcription factor. Although this element is not absolutely required for promoter activity, the promoter operates at only 40 to 45% of maximum efficiency without it A second element. Constructs that lack either the B or the C portion are poorly expressed (not more than 10% of the maximum level). Curiously, we were able to detect nuclear factor binding only to the C portion of this complex element If there is another factor that associates with the B region, its affinity is apparently insufficient to permit detection by our binding assay.
In the living cell, protein-protein interactions with other factors might conceivably help stabilize a relatively weak interaction between such a factor and the B element A third element D, located 12 to 37 bp upstream of the cap site, specifically binds a nuclear factor and is also required for efficient expression of therpS 16 gene. This element may function similarly to the TATA motif of other eukaryotic genes, although in rpS16, like many other mouse rp genes studied to date, this motif is highly degenerate (AAAAAT at positions -28 to -23).
An additional element, E, is located in exon I between positions +11 and +29. The fact that this element specifically binds one or more nuclear factors has led us to suppose that it has a transcriptional function, presumably as an integral part of the rpS16 promoter. The presence of a transcriptional regulatory element downstream of the cap site may be a common feature of mammalian rp genes. The mouse rp genes encoding L32 and L30 also contain sequences downstream of the cap site that bind nuclear factors and are critical for promoter activity (7, 8, 9 ; Hariharan, Kelley and Perry, submitted). In the case of rpL32, these sequences were shown to be important for the expression of the complete rp gene as well as for the activity of the isolated promoter region; moreover, the transcriptional role of internal rpL32 sequences was directly demonstrated by nuclear run-on assays.
There are some sequences in the region between A and E that apparently do not contribute to the rpS16 promoter activity and correspondingly do not contain any binding sites for nuclear factors. As demonstrated by construct 1, a large portion of the segment separating elements A and B (-146 to -97) can be deleted without any significant effect on rpS16 expression, indicating that this segment is probably dispensable. Although we cannot rigorously exclude the possibility that when element A is brought closer to the cap site, it precisely compensates for the loss of an element in the -146 to -97 region, the absence of factor-binding sites in this region tends to argue against the existence of such an element. The sequence separating elements C and D (-58 to -38) may also be devoid of any important regulatory elements, as indicated by the roughly equivalent expression of constructs p. and g. The fact that deletion of this region significantly reduces rpS16 expression compared to a substitution by extraenous DNA sequence, suggests that the spacing between C and D is important for proper functioning of the promoter. We may suppose by analogy to other promoters (19) that interactions between factors binding to the various elements is an essential feature of rp promoter function.
The three mouse rp promoters analysed to date, rpL30, rpL32 and rpS16, have a similar architecture.
Each is composed of at least five discrete cis-acting elements distributed over a -200 bp region spanning the cap site. The array of elements in rpS16 is shifted about 50 to 90 bp upstream compared to those in rpL30 and rpL32. Conceivably, this shift might be related to the relative proximity between the start sites for transcription and translation. In rpS16 these sites are only 52 bp apart, whereas in rpL30 and rpL32 they are separated by 178 and 840 bp, respectively. Although it is theoretically possible for a DNA sequence to serve both a transcriptional and a coding function, the constraints on the evolution of such a sequence would be formidable.
Most of the cis-acting elements have been shown to specifically bind distinct nuclear factors, and we presume that these factors are needed for the proper functioning of the elements. Although rpL30 and rpL32 have at least two elements in common, there is presently no clear evidence for any overlap with the set of rpS 16 elements. An example of an rpS 16 distinctive element is A, which binds the Spl transcription factor and is responsible for a 2.2-to 2.5-fold stimulation of promoter activity. An Spl -binding element is not present in either the rpL30 or rpL32 promoters, although these genes also contain upstream elements that boost transcriptional activity over a basal level. It is noteworthy, therefore, that the different rp genes are transcribed at relatively uniform rates despite the fact that their promoters are composed of different sets of modular elements. The "promoter strengths" probably derive from the particular combinatorial arrangement of the multiple elements rather than from the nature of the elements, themselves. This feature may be especially well-suited to genes that have to be expressed efficiently in all types of tissue. To date we have not detected any marked qualitative or quantitative differences in rp nuclear factors among proliferating cells derived from different tissues and different mammalian species, suggesting that this general promoter architecture may be evolutionarily conserved in the higher eukaryotes.
